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Cheuvront SN, Kenefick RW, Montain SJ, Sawka MN. Mechanisms of aerobic
performance impairment with heet stress and dehydration. J Appl Physiol 109: 1989—1995,
2010. Firgt published August 5, 2010; doi:10.1152/jgpplphysiol.00367.2010.—Environ-
mental heat stress can challenge the limits of human cardiovascular and tempera-
ture regulation, body fluid balance, and thus aerobic performance. This minireview
proposes that the cardiovascular adjustments accompanying high skin temperatures
(T«), @one or in combination with high core body temperatures (Tc), provide a
primary explanation for impaired aerobic exercise performance in warm-hot envi-
ronments. The independent (T) and combined (T« + T.) effects of hyperthermia
reduce maximal oxygen uptake (Vozmax), Which leads to higher relative exercise
intensity and an exponential decline in aerobic performance at any given exercise
workload. Greater relative exercise intensity increases cardiovascular strain, which
isaprominent mediator of rated perceived exertion. As a consequence, incremental
or constant-rate exercise is more difficult to sustain (earlier fatigue) or requires a
slowing of self-paced exercise to achieve asimilar sensation of effort. It is proposed
that high T« and T impair aerobic performance in tandem primarily through
elevated cardiovascular strain, rather than a deterioration in central nervous system
(CNS) function or skeletal muscle metabolism. Evaporative sweating is the prin-
cipal means of heat loss in warm-hot environments where sweat losses frequently
exceed fluid intakes. When dehydration exceeds 3% of total body water (2% of
body mass) then aerobic performance is consistently impaired independent and
additive to heat stress. Dehydration augments hyperthermia and plasma volume
reductions, which combine to accentuate cardiovascular strain and reduce Voomex.
Importantly, the negative performance consequences of dehydration worsen as T«

increases.

hypohydration; fluid balance; environment; critical core temperature; fatigue

HUMAN TEMPERATURE REGULATION processes maintain core body
temperature (T.) over a narrow functional range despite ele-
vated metabolic rates and exposure to very hot environments
(44). During submaximal exercise in warm-hot environments,
humans limit exercise hyperthermia by balancing metabolic
heat gain with dry and evaporative heat loss. Steady-state T is
proportional to both absolute and relative metabolic rate within
the prescriptive zone (57, 67, 87). Greater heat strain results
when exercise intensity increases (17), clothing and equipment
are donned (61, 63, 81), and when environmental heat stress
becomes more severe (66). The combination of exercise and
environmental heat gain also place high demand on evapora
tive cooling. If fluids are not adequately replaced, then signif-
icant dehydration (>3% total body water; >2% body mass)
often occurs. The independent and combined effects of envi-

Address for reprint requests and other correspondence: S. N. Cheuvront, US
Army Research Institute of Environmental Medicine, Thermal and Mountain
Medicine Division, Kansas St., Natick, MA 01760-5007 (e-mail: samuel.n.
cheuvront@us.army.mil).
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ronmental heat stress and dehydration can challenge the limits
of human temperature regulation and aerobic performance.
However, the putative mechanisms responsible for impaired
aerobic performance remain debatable.

Physiologists have long been intrigued by the ability of
humans to maintain adequate cardiac output and blood pressure
to simultaneously dissipate body heat and sustain muscle force
generation in hot environments. Although our understanding of
the complex interplay among the physiological systems that
govern these responses has evolved, the precise mechanistic
underpinnings to explain impaired aerobic exercise perfor-
mance in warm-hot weather remain unknown. Exercise-heat
stress with or without dehydration may impair aerobic perfor-
mance via one or more mechanisms related to central nervous
system (CNS), skeletal muscle (metabolism), or cardiovascular
system (blood flow) function (12, 14, 15, 27, 37, 70, 73, 74).
Focus on ahigh T has been the major mechanism and unifying
explanation for impaired aerobic performance in the hesat (43,
68, 69, 73, 74, 76, 77), while the historical emphasis of
cardiovascular strain accompanying high T and skin blood
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flow (SkBF) (85) has only recently been reconsidered in detail
(22, 37, 53). Unlike T, T« is drastically influenced by both
environmental conditions and thermoregulatory responses. The
potential for Ty to fluctuate broadly hasimportant implications
for SKBF requirements, cardiovascular function and oxygen
delivery (52, 85, 86), sensory input (30, 80), evaporative fluid
loss (51), and other important performance-related factors
common to the heat. In thisminireview, we definea Ty >35°C
as “high” (above the thermoneutral zone) (88) while acknowl-
edging that Tg warmed over abroad range will likely produce
a continuum of effects (53, 88). We also recognize that T.
(and the T; — T« gradient) can alter the T«-SkBF relation-
ship (6, 52, 85).

The purpose of this minireview isto evaluate the strength of
the evidence supporting how heat stress impairs aerobic exer-
cise performance in warm-hot weather. Potential CNS, muscle,
and cardiovascular phenomena are examined. We provide a
pragmatic explanation for impaired aerobic performance in the
heat, both with and without dehydration, using well-defined
physiological and behavioral concepts. Our main thesis is that
high Ty (or combination of high Ty with high T.) reduces
Vozmax due to cardiovascular limitations that are exacerbated
by dehydration. A shrinking cardiovascular reserve requires
greater relative exercise intensity and sensation of effort for
any given exercise power output. When the effort is protracted,
an exponential decline in aerobic performance is observed. We
suggest that the evidence for aerobic exercise performance
impairments in the heat is better explained by cardiovascular
(and oxygen delivery) limitations, rather than adeterioration in
neuromuscular factors related to deep body temperature per se.
While we identify the cardiovascular system as primary for
limiting performance in the heat, we acknowledge that the
CNS and skeletal muscle systems also provide important sen-
sory input to the conscious brain and play arole in performance
impairment.

EXERCISE PERFORMANCE IN THE HEAT

The well-documented impact of environmental heat stress
on aerobic exercise “performance’ has been evaluated using
time to exhaustion (TTE) tests (incremental or constant work
rate) and time trial (TT) tests (self-paced) in both laboratory
and field settings. Galloway and Maughan (31) conducted one
of the first studies to systematically compare the effects of
graded heat stress on prolonged aerobic exercise performance.
Using an ambient temperature range of 4-31°C, they demon-
strated that TTE was nearly 42 min shorter (44%) in the
warmest environment, relative to the study optimum (11°C).
Similarly, MacDougal et a. (58) showed that TTE was short-
ened by 42 min (47%) when T« was increased from ~29 to
35°C using a water-perfused suit. The size of the heat-related
performance impairment in these studies (~45%) is roughly
two times larger than the typical variability in the measurement
itself [coefficient of variation (CV) ~25%)] (45). The magni-
tude of the signal-to-noise ratio (~2.0) illustrates the strong
negative effect of environmental heat stress on aerobic exercise
performance.

In self-paced competitive running events, Ely et al. (23)
found (Fig. 1) that marathon running performance slowed by
~2% (2—3 min) in elite competitors, while 3-h finishers slowed
by ~10% (18 min) as wet bulb globe temperature (WBGT)
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Fig. 1. Impact of weather on marathon running performance across a range of
finishing times. As wet bulb globe temperature (WBGT) increases from 10 to
25°C [dry bulb temperature (Tqn) = 8—22°C], elite competitors slow by ~2%
(2-3 min), while 3-h finishers slow by amost 10% (18 min). WBGT,
Reproduced from Ref. 23.

increased from 10 to 25°C (air temperature 8—22°C). Impor-
tantly, the smaller apparent effect magnitude (2 to 10%) is
balanced by the fact that self-paced exercise is a more reliable
test modality (CV 1-5%) (46), and thus the signal-to-noise
ratio remains =2.0. It isinteresting to point out that in warmer
weather, faster runners choose a slower, constant pace from the
outset, while slower runners start at a faster desired pace only
to decelerate (25). Tatterson et al. (94) observed similar find-
ings in cyclists when comparing shorter (30 min), self-paced
exercisein warm (32°C) vs. temperate (23°C) air temperatures.
These latter studies indicate a change in behavior during
self-paced performance tests due to heat stress and suggest that
pacing strategy (28) may provide insight into how or why
performance becomes impaired. ]

It iswell established that heat stress degrades V oomax (2, 34,
75, 93, 100) and that anything that reduces Vopmax can impair
aerobic performance (3, 19). It is aso well recognized that
multiple physiological mechanisms can interact to influence
aerobic performance outcomes. A shorter, self-paced aerobic
test eliminates the potential for substrate depletion, marked
heat storage, and dehydration common to more prolonged
exercise in the heat. In order to test the hypothesis that higher
T« aone might ater performance and pacing, Ely et a. (22)
examined 15-min cycling TT performance in two environ-
ments (20 and 40°C), which produced T« of 31 and 36°C,
similar to MacDougal et a. (58), while T remained near 38°C.
Ely et al. (22) found that ratings of perceived exertion (RPE),
heart rate (HR), and T were similar between self-paced trials.
Total work performed at 40°C was 15-20% less than 20°C
(with test CV ~5%) similar to the performance decrement
observed for the same task when ascending from sea level to
3,000-m dltitude (60). Volunteers began the TT at the same
pace in both environments, only to fall off pace at 40°C &fter
the first 3 min of exercise (22). Collectively, TTE and TT
studies demonstrate consistently that heat stress impairs aero-
bic exercise performance. Although cardiovascular (85, 86)
and oxygen uptake adjustments to high T« (2, 34, 75, 93,100)
represent a plausible explanation linking perceived exertion
(80) and behavioral changes (10) with impaired performance
(22), mechanistic conclusions remain uncertain.
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HYPERTHERMIA AND THE CENTRAL NERVOUS SYSTEM

Over the past 10 years, the most popular explanation for
impaired exercise performance in awarm-hot environment has
been a ~40°C “critical” T, (43, 68, 69, 73, 74, 76, 77). The
typical explanation isthat this“critical” T, threshold represents
asafety brake for catastrophic hyperthermia (70, 74), or at least
the precipice for a progressive downward performance trend
(73). However, both of these interpretations can be challenged.
First, aminimal lethal body temperature for humansis consid-
erably higher (42°C) (8) and human CNS cells can tolerate
blood temperatures in excess of 41°C without harm (20).
Second, competitive runners (outside the laboratory) are often
observed to achieve T, > 40°C (even > 41°C), without
apparent sequelae, when T was presumably low (9, 59, 84).
Third, two recent studies could document no declinein running
performance (velocity) during either short (8 km) or long (21
km) competitive running races despite T. = 40°C (24, 56).
Fourth, no study has clearly demonstrated an independent
effect of a“critica” T, as confounding factors covary with Te.
Studies documenting an association between fatigue during
dynamic, whole body exercise, and the attainment of a “criti-
cal” T. were always performed under experimental conditions
that produced high skin and muscle temperatures, narrow
core-to-skin gradients, and substantial cardiovascular strain
(43, 68, 69, 76), any one of which affords a tenable explanation
for fatigue. Anticipatory models (97, 98) that focus on the rate
of body heat storage appear untenable (24, 49), but mechanistic
differences of theory are moot since both share logic that posits
fatigue or its regulation (cortical or subcortical) based on
avoidance of thermal injury.

Direct evidence of hyperthermiaand degraded CNS function
comes from associations between a “critical” T, and altered
brain wave (EEG), motor-neural output, and sensory changes
consistent with fatigue (69, 76, 77). However, EEG alterations
(69) may (78) or may not (83) be the consequence of reduc-
tions in brain blood flow, which ultimately represents a differ-
ent (cardiovascular) mechanism (38, 79). It was recently dem-
onstrated that the effects of heat stress on degrading neuro-
muscular function are progressive (95) and that as much as half
of the neuromuscular fatigue effects attributed to a hot brain
may be explained by hot muscles (96). It is not possible to say
whether the remaining loss of efferent motor cortical output is
the result of an unwilling or incapable participant, but it iswell
documented that the same exercise task in the heat is often
perceived as more difficult or more uncomfortable than in
temperate conditions (10, 30, 76). RPE involves a variety of
integrated sensations that may converge to impact aerobic
performance (10, 30, 80). Heat stress increases RPE (76).
Anything that alters RPE may affect motivation driven motor-
neural firing (11, 26) and behavior (10). Mundel and Jones (65)
demonstrated that a menthol mouth rinse reduced RPE (com-
pared with placebo) by 15% and improved TTE by 9% during
exercise-heat stress. Similarly, Watson et a. (99) demonstrated
that a30% decrement in TT performance in the heat (compared
with temperate control) was reduced to 19% with the same
RPE when subjects were given a dopamine reuptake inhibitor.
It would therefore appear that altered sensation can produce
greater tolerance to exercise-heat stress at the cortical level.
Importantly, however, the data of Watson et a. (99) illustrate
that the remaining 19% performance decline in the heat (vs.
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temperate) must be attributable to a larger, intact performance-
limiting mechanism(s).

HYPERTHERMIA AND MUSCLE FUNCTION

Muscle function (mechanical and chemical) displays posi-
tive therma dependence at the level of organismic perfor-
mance (4). Muscle hyperthermia from exercise significantly
increases the substrate flux through energy-producing bio-
chemical pathways, improves phosphorylative efficiency, fa
cilitates dissociation of oxygen from hemoglobin, reduces fluid
viscosity, and enhances muscle contractility (4, 5, 7). In con-
trast, heating reduces time to exhaustion for sustained isomet-
ric contractions in small muscle groups (21). The importance
of an isometric model to understand the relative CNS contri-
bution to impaired force production in conjunction with a
“critical” T. was dluded to above. But the relevance of
sustained isometric contraction of a small muscle toward aer-
obic performance in a dynamic whole body exercise model can
be questioned on many fronts (4). For example, isometric
contractions reduce skeletal muscle blood flow in proportion to
the percent maximal contraction intensity (82), thus inducing
very low oxygen contents and metabolite accumulation at
fatigue. With the Qqo effect of heat stress (4), deoxygenation
(hypoxialdysoxia) and fatigue will occur more rapidly. Al-
though quantifying deterioration in CNS function during whole
body exercise may not be possible, it is well documented that
disturbances in local (peripheral) muscle metabolism, muscle
tension, or other factors can impact sense of effort (80). Muscle
blood flow, a cardiovascular limitation, is preserved during
submaximal aerobic exercise-heat stress (34, 71) and becomes
reduced only as a secondary consequence of hypotension
during severe heat stress (34). Although aerobic exercise in the
heat can produce exhaustion long before muscle glycogen
depletion is a contributing factor in endurance fatigue (27), the
fact remains that substrate depletion is accelerated by heat
stress (27, 50) at a time when oxidation rates of ingested
carbohydrates are simultaneously reduced (50). Therefore, as
submaximal aerobic exercise in the heat becomes protracted in
length, limited fuel availability can contribute to impaired
performance.

HYPERTHERMIA AND CARDIOVASCULAR FUNCTION

Exercise-heat stress demands blood flow to support energy
metabolism (muscle blood flow), temperature regulation
(SkBF), and CNS function (brain blood flow). When T and T«
become elevated, there is a reflex increase in SkBF and
cutaneous venous volume, while HR increases and cardiac
filling and stroke volume (SV) decline (6, 52, 85, 86). When
motivation is high and sensory cues ignored (10), a hierarchy
is observed near maximal exercise intensities whereby muscle
blood flow and arterial pressure are maintained at the expense
of SkBF (37), which reaches a plateau near a T of 38°C (6).
Under circumstances in which considerable blood is displaced
to the skin, blood flow and oxygen delivery to the muscles, and
possibly brain (38, 78, 83), become compromised despite
maintenance of leg vascular conductance (34). Table lillus-
trates that when T« is high, a rising T, maintains a more
favorable T — T« gradient for reducing whole body SkBF
requirements for heat loss (54). Figure 2 plots the apparent T,
tolerated, at task completion (24, 59) or at exhaustion (43, 81),
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Table 1. Estimated whole body skin blood flow requirements
for prolonged, severe running exercise at different body core
and skin temperatures

Te, C T, C Gradient, C SkBF, I/min
38 30 8 1.1
38 34 4 2.2
38 36 2 4.4
39 36 3 3.0

Equation for whole body skin blood flow (SkBF) requirements for pro-
longed, severe running exercise is Qs =1/C X h/(Tc — Ts), where C is the
specific heat of blood (0.87 kcal-C~*1~1), T¢ is body core temperature; T« is
skin temperature, h = heat production (kcal/min), and Qs = skin blood flow
(from Ref. 85), and where, for severe running exercise, net heat production (7.7
kecal/min) is estimated using 60 kg body mass and 325 m/min running velocity
(approximate pace for men’s world class 42-km foot race) after subtracting for
work (20% efficiency) and 50% dry and evaporative heat losses. Adapted from
Ref. 54.

with its associated T« and calculated SkBF requirements (85).
Note that T, tolerance isinversely related to whole body SkBF
requirements, which suggests that a “critical” T, may instead
be a perfusion issue (muscle, brain) related to high cardiovas-
cular strain. Indeed, high T« has been an important historical
index for heat tolerance (47, 48). The convergence of T, and
T« can be a good predictor of exhaustion (81), athough
predictive capacity may depend on the precise temperature at
which T, and T« converge (72). Sawka et al. (91) report that,
when T« is made high by protective clothing or a severe
environmental heat load, exercise is ceased (voluntary or
collapse) in 50% of young healthy subjects at a T of only
38.5°C. Thus, in high heat stress situations with high T,
exercise cessation will occur relatively quickly in the absence
of very high T, at light-to-moderate exercise intensities.
During prolonged, submaximal exercise in less severe
warm-hot environments, muscle blood flow and blood pressure
are generally maintained, and thus explanations for fatigue are
often attributed to the approach or attainment of a“critical” T
(37, 43). But since alarge Voomax IS @ prerequisite for success
in sports where aerobic endurance is contested (3, 19), it seems
plausible that the effects of heat stress on reducing Vozmax
might better explain submaximal aerobic performance impair-

| 42 -8
_ N %)
o 411 -6 =
~ |
(4] —
© 404 -4
s 3
3 3
|2 394 -2 |
[3)

[
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24 28 32 36 40
T (°C)

Fig. 2. Apparent core body temperature (T¢) tolerance during exercise-heat
stress and calculated skin blood flow (SKBF) with associated skin temperature
(Ts). Tc and T« data pairs are from Refs. 24, 43, 59, 81. Heat production was
calculated as in Table 1 starting from the actual metabolic data given in the
original references. A point-to-point spline curve was generated with Graph-
Pad to interpolate and visually smooth data connections for presentation only
(no analytical model intended).
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ments. High T« reduces Voomax @ @ consequence of high
SkBF, which displaces blood to the periphery and reduces
cardiac filling, resulting in a reduced maximal cardiac output
(COmax) (and thus Vozmax) (2, 34, 58, 75, 85, 86, 93, 100). For
example, Arngrimsson et a. (2) demonstrated a stepwise re-
duction in Vogmax and an increase in relative exercise intensity
across a range of ambient temperatures (25 to 45°C) that
increased Tg by amost 6°C in the presence of modest Tc
elevations. Although T. plays a minor role in modifying the
T«-SKkBF relationship when T¢ is high (6, 52), a high T, can
also reduce cardiac filling by tachycardia when sympathetic
activity ishigh or by direct temperature effects on intrinsic HR
(15, 29, 41). The reduction in both COmax and Vopmax result in
a shrinking cardiovascular reserve, which is the primary lim-
iting factor for aerobic exercise performance (3, 19). A greater
relative exercise intensity and sensation of effort isrequired for
any given exercise power output (3, 10, 19, 32, 80). As
exercise becomes protracted, performance is reduced exponen-
tially according to the formulalogio(t) = A X (load/Voomax) +
B, where t is endurance time and A and B are the slope and
intercept relating t to the Voomax-specific relative workload
(32). Incremental or constant-rate exercise would be more
difficult to sustain (earlier fatigue) or would require a slowing
of self-paced exercise to achieve a similar sensation of effort.
While a variety of afferent physiological information can be
linked to the conscious sense of effort, the prominent contri-
bution of cardiopulmonary factors (HR, respiration, barorecep-
tors) to RPE during whole body exercise is widely acknowl-
edged (80). Earlier fatigue or slowing of pace can therefore be
explained by greater cardiovascular strain (85, 86), elevated
relative exercise intensity (3, 19, 32), increased perceived
exertion (80), and associated behavioral changes toward sen-
sory optimum (10).

EXERCISE PERFORMANCE WHEN DEHYDRATED

It is established that tota body water deficits (dehydration) > 3%
(>2% body mass) consistently impair aerobic exercise perfor-
mance (14, 89, 90, 92). Practically, this means that if a person
initiates activity in a norma state of body hydration (euhy-

0@ sweat Loss [ ]
O Furosemide @

=10+
-15-

-20-

%A Plasma Volume

-25-

8-7-6-5-4-3-2-10
%A Body Mass

Fig. 3. Linear regression of plasma volume change (y) and body mass change
(x) following sweat loss or diuretic dehydration. Original data are shown for 18
volunteers (54 data points) dehydrated twice by 4.1 = 1.5% using 3-5 h of
exercise-heat exposure (sweat; n = 36) and once by 3.1 = 0.5% using 40—80
mg diuretic (furosemide; n = 18) on 3 separate occasions. Plasma volume
contraction with furosemide (yr = —3.8 + 3.6x) isdouble that for sweat (ys =
135 + 2.8x) a any given level of dehydration. Plasma volume changes
calculated according to Dill and Costill (18).
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drated), dehydration-mediated performance decrements are re-
stricted to activitieslasting 1 h or longer as sustainable exercise
sweating rates are typically <1.5 I/h. While dehydration can
reduce muscle blood flow (35, 36) and alter skeletal muscle
metabolism (27) during intense, exhaustive exercise in hot
environments, intense exercise in hot environments is limited
in duration and unlikely to be affected by dehydration if
exercise is begun well hydrated. Headache, or even thirst (92),
may also produce subjective feelings of fatigue or loss of vigor,
but attempts to measure somatosensory gating of afferent
neural signalsin association with dehydration and performance
are thus far inconclusive (64).

Hypertonicity is an unavoidable consequence of dehydration
that helps mediate T. elevation (89), which contributes to
increased cardiovascular strain (15, 62). Dehydration by 2—4%
body mass also produces an added challenge to meet whole
body blood flow requirements by reducing plasma volume up
to 10% (Fig. 3), which acts to reduce cardiac filling and SV
(39, 40, 41, 42). Dehydration by 2—4% body mass generally
reduces Voomax, athough the effects are larger in warmer
environments (89). Just as plasma volume expansion by ~10%
can improve Vozmax by ~5% (16), Nybo et a. (75) demon-
strated that 4% dehydration reduced blood volume by ~5%
(plasma volume ~10%) and lowered Voomax by 6% at T«
31°C and by 16% when T« was raised to 36°C (water-perfused
suit). As with heat stress alone, a reduced Voomax When
dehydrated would make incremental or constant-rate exercise
more difficult to sustain or require a slowing of self-paced
exercise to achieve a similar sensation of effort.

Hyperthermia and plasmaloss each account for ~50% of the
dehydration-mediated decline in SV and COmax (15, 33),
which we propose both can reduce Voomax and impair aerobic
performance. This idea is also consistent with the observation
that dehydration may impair exercise performance more under
heat stress (14, 33, 41, 75, 89) compared with cold exposure
(13, 41, 55). The strong modifying effect of Ty on aerobic
performance when dehydrated supports the proposed underly-
ing SkBF demands and cardiovascular limitations on altering
Voomax, Felative exercise intensity, and associated sensory
cues. Indeed, Kenefick et al. (53) quantified the relationship
between T« and aerobic performance degradation when dehy-
drated (4%) across a range of air temperatures (10—40°C) that
incrementally elevated T« (but not T). During a short aerobic
performance test that was identical to Ely et a. (22), and
therefore not easily confounded by other factors, Kenefick et
al. (53) reported a 1.6% declinein the total work performed for
every 1°Cincreasein Ty starting at a Ty intercept of 29°C. At
the same 4% level of dehydration, this amounted to a 3%
impairment in aerobic TT performance at an ambient temper-
ature of 10°C, increasing to 23% at ambient temperature of
40°C. Classic reports of larger aerobic performance reductions
in temperate weather at more modest (1-2%) levels of dehy-
dration (1) are likely the result of diuretic use, which doubles
the plasma volume reduction observed from sweat loss (Fig. 3).
A greater plasma volume reduction would presumably reduce
Vozmax @nd aerobic performance proportionaly (89).

SUMMARY

This minreview evauates mechanisms by which heat stress
and dehydration impair aerobic exercise performance. The
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physiological mechanism(s) that explain impaired aerobic ex-
ercise performance due to the independent and combined
effects of heat stress and dehydration are highly circumstantial.
The CNS and skeletal muscle systems provide important sen-
sory input to the conscious brain, and there is evidence that
each can play arole in impairing aerobic exercise performance
during heat and/or dehydration stress. However, the demands
and limitations on blood flow implicate a much larger perfor-
mance contribution by the cardiovascular system. During se-
vere heat stress conditions, physical exhaustion or collapse will
occur across a continuum of T (91) and is most likely the
result of the severe competition for blood flow, minimal T. —
T« gradient, and inability to sustain required blood pressure
(34, 37). During submaximal aerobic exercise in hot weather,
performance is impaired by both high Ty and T, which
combine to reduce Voomax (2, 34, 75, 93, 100), and thus
increase relative exercise intensity and sensation of effort at
any given workload (TTE) (32), or result in a diminished
workload (TT) to achieve a similar sensation of effort (22, 28,
94, 97). Significant dehydration (>2% body mass) takes time
to develop, but when present it augments hyperthermia (89)
and reduces plasma volume (Fig. 3), which independently
impact physiology (15, 33) while accentuating the negative
performance consequences of heat stress (53).

In this minireview, we provide a pragmatic explanation
whereby high T« and T impair aerobic performance in tandem
primarily through elevated cardiovascular strain, rather than
deterioration in CNS function or skeletal muscle metabolism.
Well-defined physiological and behavioral concepts support
the plausibility of this explanation (3, 10, 19, 28, 30, 32, 44,
80). We emphasi ze the importance of T« (SKBF) in the context
of aerobic exercise performance in warm-hot environments,
with and without dehydration. We also revisit the important
link between physiological strain and rated perceived exertion
(20, 30, 80) to more fully explain how heat stress and dehy-
dration act to impair aerobic exercise performance. Future
research might consider the implications of this review when
designing laboratory experiments to elucidate more precisely
the mechanism(s) for impaired aerobic exercise performance
during dehydration-heat stress.

ACKNOWLEDGMENTS

We thank Braden P. Armstrong for technical assistance with this manu-
script. We also thank Matthew R. Ely and Brett R. Ely for reading and
remarking on this manuscript.

The opinions or assertions contained herein are the private views of the
author(s) and are not to be construed as official or as reflecting the views of the
U.S. Army or the Department of Defense.

DISCLOSURES

No conflicts of interest, financia or otherwise, are declared by the author(s).

REFERENCES

1. Armstrong LE, Costill DL, Fink WJ. Influence of diuretic-induced
dehydration on competitive running performance. Med Sci Sports Exerc
17: 456461, 1985.

2. Arngrimsson SA, Stewart DJ, Borrani F, Skinner KA, Cureton KJ.
Relation of heart rate to percent Vozpeac during submaximal exercise in
the heat. J Appl Physiol 94: 1162-1168, 2003.

3. Bassett DR Jr, Howley ET. Limiting factors for maximum oxygen
uptake and determinants of endurance performance. Med Sci Sports
Exerc 32: 70-84, 2000.

J Appl Physiol - vOL 109 - DECEMBER 2010 » WWW.jap.0rg

0TO0Z ‘0T Jaqwadaq uo 610 ABojoisAyd-del woiy papeojumoq



http://jap.physiology.org/

Review

1994

4.

5.

10.
11.
12.

13.

14.
15.
16.
17.

18.

19.

20.

21

22.

23.

24.

25.

26.
27.
28.

29.

30.

Bennett AF. Thermal dependence of muscle function. Am J Physiol
Regul Integr Comp Physiol 247: R217-R229, 1984.

Bergh U, Ekblom B. Influence of muscle temperature on maximal
muscle strength and power output in human skeletal muscles. Acta
Physiol Scand 107: 33-37, 1979.

. Brengelmann GL, Johnson JM, Hermansen L, Rowell LB. Altered

control of skin blood flow during exercise at high internal temperatures.
J Appl Physiol 43: 790-794, 1977.

. Brooks GA, Hittelman KJ, Faulkner JA, Beyer RE. Temperature,

skeletal muscle mitochondrial functions, and oxygen debt. Am J Physiol
220: 1053-1059, 1971.

. Bynum GD, Pandolf KB, Schuette WH, Goldman RF, Lees DE,

Whang-Peng J, Atkinson ER, Bull JM. Induced hyperthermia in
sedated humans and the concept of critical therma maximum. Am J
Physiol Regul Integr Comp Physiol 235: R228—-R236, 1978.

. Byrne C, Lee JW, Chew SN, Lim CL, Tan EM. Continuous thermo-

regulatory response to mass-participation distance running in heat. Med
i Sports Exerc 38: 803-810, 2006.

Cabanac M. Sensory pleasure optimizes muscular work. Clin Invest Med
29: 110-116, 2006.

Caputa M, Cabanac M. Muscular work as thermal behavior in humans.
J Appl Physiol 48: 1020—-1023, 1980.

Cheung SS, Sleivert GG. Multiple triggers for hyperthermic fatigue and
exhaustion. Exerc Sport Sci Rev 32: 100-106, 2004.

Cheuvront SN, Carter R 3rd, Castellani JW, Sawka MN. Hypohy-
dration impairs endurance exercise performance in temperate but not cold
air. J Appl Physiol 99: 1972-1976, 2005.

Cheuvront SN, Carter 3rd R, Sawka M N. Fluid balance and endurance
exercise performance. Curr Sports Med Rep 2: 202-208, 2003.

Coyle EF, Gonzélez-Alonso J. Cardiovascular drift during prolonged
exercise: new perspectives. Exerc Sport Sci Rev 29: 88-92, 2001.
Coyle EF, Hopper MK, Coggan AR. Maximal oxygen uptake relative
to plasma volume expansion. Int J Sports Med 11: 116-119, 1990.
Davies CT. Influence of skin temperature on sweating and aerobic
performance during severe work. J Appl Physiol 47: 770—777, 1979.
Dill DB, Costill DL. Calculation of percentage changes in volumes of
blood, plasma, and red cells in dehydration. J Appl Physiol 37: 247-248,
1974.

diPrampero PE. Factors limiting maximal performance in humans. Eur
J Appl Physiol 90: 420429, 2003.

Dubois M, Sato S, Lees DE, Bull JM, Smith R, White BG, Moore H,
Macnamara TE. Electroencephal ographic changes during whole body
hyperthermia in humans. Electroencephalogr Clin Neurophysiol 50:
486-95, 1980.

Edwards RT, Harris RC, Hultman E, Kaijser L, Koh D, Nordeso
L O. Effect of temperature on muscle energy metabolism and endurance
during successive isometric contractions, sustained to fatigue, of the
quadriceps muscle in man. J Physiol 220: 335-352, 1972.

Ely BR, Cheuvront SN, Kenefick RW, Sawka MN. Aerobic perfor-
mance is degraded, despite modest hyperthermia, in hot environments.
Med Sci Sports Exerc 42: 135-141, 2010.

Ely MR, Cheuvront SN, Roberts WO, Montain SJ. Impact of weather
on marathon-running performance. Med Sci Sports Exerc 39: 487493,
2007.

Ely BR, Ely MR, Cheuvront SN, Kenefick RW, Degroot DW, Mon-
tain SJ. Evidence against a 40°C core temperature threshold for fatigue
in humans. J Appl Physiol 107: 1519-1525, 2009.

Ely MR, Martin DE, Cheuvront SN, Montain SJ. Effect of ambient
temperature on marathon pacing is dependent on runner ability. Med Sci
Sports Exerc 40: 1675-1680, 2008.

Enoka RM, Stuart DG. Neurobiology of muscle fatigue. J Appl Physiol
72: 16311648, 1992.

Febbraio MA. Does muscle function and metabolism affect exercise
performance in the heat? Exerc Sport Sci Rev 28: 171-176, 2000.
Foster C, Schrager M, Snyder AC, Thompson NN. Pacing strategy
and athletic performance. Sports Med 17: 77-85, 1994.

Fritzsche RG, Switzer TW, Hodgkinson BJ, Coyle EF. Stroke volume
decline during prolonged exercise is influenced by the increase in heart
rate. J Appl Physiol 86: 799-805, 1999.

Gagge AP, Stolwijk JAJ, Saltin B. Comfort and thermal sensations and
associated physiological responses during exercise at various ambient
temperatures. Environ Res 2: 209—229, 1969.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

AEROBIC PERFORMANCE, HEAT STRESS AND DEHYDRATION

Galloway SD, Maughan RJ. Effects of ambient temperature on the
capacity to perform prolonged cycle exercise in man. Med Sci Sports
Exerc 29:1240-1249, 1997. .

Gleser MA, Vogel JA. Effects of acute dterations of Vozmax ON
endurance capacity of men. J Appl Physiol 34: 443447, 1973.
Gonzélez-Alonso J. Separate and combined influences of dehydration
and hyperthermia on cardiovascular responses to exercise. Int J Sports
Med 19, Suppl 2: S111-S114, 1998.

Gonzalez-Alonso J, Calbet JA. Reductions in systemic and skeletal
muscle blood flow and oxygen delivery limit maximal aerobic capacity in
humans. Circulation 107: 824-830, 2003.

Gonzalez-Alonso J, Calbet JA, Nielsen B. Metabolic and thermody-
namic responses to dehydration-induced reductions in muscle blood flow
in exercising humans. J Physiol 520: 577-89, 1999.

Gonzélez-Alonso J, Calbet JA, Nielsen B. Muscle blood flow is
reduced with dehydration during prolonged exercise in humans. J Physiol
513: 895-905, 1998.

Gonzélez-Alonso J, Crandall CG, Johnson JM. The cardiovascular
challenge of exercising in the heat. J Physiol 586: 45-53, 2008.
Gonzélez-Alonso J, Dalsgaard MK, Osada T, Volianitis S, Dawson
EA, Yoshiga CC, Secher NH. Brain and central haemodynamics and
oxygenation during maximal exercise in humans. J Physiol 557: 331—
342, 2004.

Gonzélez-Alonso J, Mora-Rodriguez R, Below PR, Coyle EF. Dehy-
dration markedly impairs cardiovascular function in hyperthermic endur-
ance athletes during exercise. J Appl Physiol 82: 1229-1236, 1997.
Gonzélez-Alonso J, Mora-Rodriguez R, Below PR, Coyle EF. Dehy-
dration reduces cardiac output and increases systemic and cutaneous
vascular resistance during exercise. J Appl Physiol 79: 1487-1496, 1995.
Gonzélez-Alonso J, Mora-Rodriguez R, Coyle EF. Stroke volume
during exercise: interaction of environment and hydration. Am J Physiol
Heart Circ Physiol 278: H321-H330, 2000.

Gonzélez-Alonso J, Mora-Rodriguez R, Coyle EF. Supine exercise
restores arterial blood pressure and skin blood flow despite dehydration
and hyperthermia. Am J Physiol Heart Circ Physiol 277: H576—-H583,
1999.

Gonzélez-Alonso J, Teller C, Andersen SL, Jensen FB, Hyldig T,
Nielsen B. Influence of body temperature on the development of fatigue
during prolonged exercise in the heat. J Appl Physiol 86: 1032—1039,
1999.

. Hardy JD. Physiology of temperature regulation. Physiol Rev 41: 521—

606, 1961.

Hopkins WG, Schabort EJ, Hawley JA. Reliability of power in
physical performance tests. Sports Med 31: 211-234, 2001.

Hopkins WG, Hewson DJ. Variability of competitive performance of
distance runners. Med Sci Sports Exerc 33: 1588-1592, 2001.
lampietro PF. Use of skin temperature to predict tolerance to thermal
environments. Aerospace Med 42: 396-399, 1971.

lampietro PF, Goldman RF. Tolerance of men working in hot, humid
environments. J Appl Physiol 20: 73-76, 1965.

Jay O, Kenny GP. Current evidence does not support an anticipatory
regulation of exercise intensity mediated by rate of body heat storage. J
Appl Physiol 107: 630—631, 2009.

JentjensRL, Wagenmakers AJ, Jeukendrup AE. Heat stressincreases
muscle glycogen use but reduces the oxidation of ingested carbohydrates
during exercise. J Appl Physiol 92: 1562-1572, 2002.

Johnson JM, O’Leary DS, Taylor WF, Park MK Reflex regulation of
sweat rate by skin temperature in exercising humans. J Appl Physiol 56:
1283-1288, 1984.

Johnson JM, Park MK. Reflex control of skin blood flow by skin
temperature: role of core temperature. J Appl Physiol 47: 1188-1193,
1979.

Kenefick RW, Cheuvront SN, Palombo LJ, Ely BR, Sawka MN. Skin
temperature modifies the impact of hypohydration on aerobic perfor-
mance. J Appl Physiol 109: 79-86, 2010.

. Kenefick RW, Cheuvront SN, Sawka M N. Thermoregulatory function

during the marathon. Sports Med 37: 312-315, 2007.

Kenefick RW, Mahood NV, Hazzard MP, Quinn TJ, Castellani JW.
Hypohydration effects on thermoregulation during moderate exercise in
the cold. Eur J Appl Physiol 92: 565-570, 2004.

Lee JKW, Nio AQX, Lim CL, Teo EYN, Byrne C. Thermoregulation,
pacing and fluid balance during mass participation distance running in a
warm and humid environment. Eur J Appl Physiol 109: 887-898, 2010.

J Appl Physiol - vOL 109 - DECEMBER 2010 » WWW.jap.0rg

0TO0Z ‘0T Jaqwadaq uo 610 ABojoisAyd-del woiy papeojumoq



http://jap.physiology.org/

57

58.

59.

60.

61.

62.

63.

65.
66.
67.
68.

69.

70.

71.
72.
73.
. Nybo L. Exercise and heat stress: cerebral challenges and consequences.
75.

76.

7.

78.

79.

AEROBIC PERFORMANCE, HEAT STRESS AND DEHYDRATION

. Lind AR. A physiological criterion for setting therma environmental
limits for everyday work. J Appl Physiol 18: 51-56, 1963.
MacDougall JD, Reddan WG, Layton CR, Dempsey JA. Effects of
metabolic hyperthermia on performance during heavy prolonged exer-
cise. J Appl Physiol 36: 538-544, 1974.

Maron MB, Wagner JA, Horvath SM. Thermoregulatory responses
during competitive marathon running. J Appl Physiol 42: 909-914, 1977.
Mazzeo RS, Fulco CS. Physiological systems and their responses to
conditions of hypoxia. In: ACSM's Advanced Exercise Physiology. Bal-
timore, MD: Lippincott, Williams and Wilkins, 2006, p. 564-580.
McCullough EA, Kenney WL. Thermal insulation and evaporative
resistance of football uniforms. Med Sci Sports Exerc 35: 832—837, 2003.
Montain SJ, Coyle EF. Influence of graded dehydration on hyperther-
mia and cardiovascular drift during exercise. J Appl Physiol 73: 1340—
1350, 1992.

Montain SJ, Sawka MN, Cadarette BS, Quigley MD, McKay JM.
Physiological tolerance to uncompensable heat stress: effects of exercise
intensity, protective clothing, and climate. J Appl Physiol 77: 216—222,
1994.

. Montain SJ, Tharion WJ. Hypohydration and muscular fatigue of the
thumb alter median nerve somatosensory evoked potentials. Appl Physiol
Nutr Metab 35: 456463, 2010.

Mundel T, Jones DA. The effects of swilling an I(—)-menthol solution
during exercise in the heat. Eur J Appl Physiol 109: 59-65, 2010.
Nielsen B. Olympics in Atlanta: a fight against physics. Med Sci Sports
Exerc 28: 665668, 1996.

Nielsen M. Die Regulation der Korpertemperatur bei Muskelarbeit.
Skand Arch Physiol 79: 193-230, 1938.

Nielsen B, Hales JR, Strange S, Christensen NJ, Warberg J, Saltin B.
Human circulatory and thermoregulatory adaptations with heat acclima-
tion and exercise in a hot, dry environment. J Physiol 460: 467-485,
1993.

Nielsen B, Hyldig T, Bidstrup F, Gonzalez-Alonso J, Christoffersen
GR. Brain activity and fatigue during prolonged exercise in the heat.
Pflligers Arch 442: 41-48, 2001.

Nielsen B, Nybo L. Cerebral changes during exercise in the heat. Sports
Med 33: 1-11, 2003.

Nielsen B, Savard G, Richter EA, Hargreaves M, Saltin B. Muscle
blood flow and muscle metabolism during exercise and heat stress. J Appl
Physiol 69: 1040—1046, 1990.

Nunneley SA, Antunano MJ, Bomalaski SH. Thermal convergence
fails to predict heat tolerance limits. Aviat Space Environ Med 63:
886-890, 1993.

Nybo L. Hyperthermia and fatigue. J Appl Physiol 104: 871-878, 2008.

Progress Brain Res 162: 29-43, 2007.

Nybo L, Jensen T, Nielsen B, Gonzalez-Alonso J. Effects of marked
hyperthermia with and without dehydration on Vo, kinetics during
intense exercise. J Appl Physiol 90: 1057-1064, 2001.

Nybo L, Nielsen B. Perceived exertion is associated with an altered brain
activity during exercise with progressive hyperthermia. J Appl Physiol
91: 2017-2023, 2001.

Nybo L, Nielsen B. Hyperthermia and central fatigue during prolonged
exercise in humans. J Appl Physiol 91: 1055-1060, 2001.

Nybo L, Nielsen B. Middle cerebral artery blood velocity is reduced with
hyperthermia during prolonged exercise in humans. J Physiol 534:
279-86, 2001.

Nybo L, Rasmussen P. Inadequate cerebral oxygen delivery and central
fatigue during strenuous exercise. Exerc Sport Sci Rev 35: 110-118,
2007.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91.

92.

93.

95.

96.

97.

98.

99.

100.

Review
1995

Pandolf KB. Influence of local and central factors in dominating rated
perceived exertion during physical work. Percept Mot Skills 46: 683—
698, 1978.

Pandolf KB, Goldman RF. Convergence of skin and rectal temperatures
as a criterion for heat tolerance. Aviat Space Environ Med 49: 1095—
1101, 1978.

Petrofsky JS, Phillips CA, Sawka MN, Hanpeter D, Stafford D.
Blood flow and metabolism during isomeytric contractionsin cat skeletal
muscle. J Appl Physiol 50: 493-502, 1981.

Rasmussen P, Stie H, Nybo L, Nielsen B. Heat induced fatigue and
changes of the EEG is not related to reduced perfusion of the brain during
prolonged exercise in humans. J Therm Biol 29: 731-737, 2004.

. Robinson S. Temperature regulation in exercise. Pediatrics 2: 691-702,

1963.

Rowell LB. Human Circulation: Regulation During Physical Stress.
New York: Oxford Univ. Press, 1986, p. 363-406.

Rowell LB, Murray JA, Brengelmann GL, Kraning KK. Human
cardiovascular adjustments to rapid changes in skin temperature during
exercise. Circ Res 24: 711-724, 1969.

Saltin B, Hermansen L. Esophageal, rectal, and muscle temperature
during exercise. J Appl Physiol 21: 1757-1762, 1966.

Savage MV, Brengelman GL. Control of skin blood flow in the neutral
zone of human body temperature regulation. J Appl Physiol 80: 1249—
1257, 1996.

Sawka MN. Physiological consequences of hypohydration: exercise
performance and thermoregulation. Med Sci Sports Exerc 24: 657670,
1992.

Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ,
Stachenfeld NS. American College of Sports Medicine position stand.
Exercise and fluid replacement. Med Sci Sports Exerc 39: 377-390, 2007.
Sawka MN, Latzka WA, Montain SJ, Cadarette BS, Kolka MA,
Kraning KK, Gonzalez RR. Physiologic tolerance to uncompensable
heat: intermittent exercise, field vs. laboratory. Med Sci Sports Exerc 33:
422-430, 2001.

Sawka MN, Noakes TD. Does dehydration impair exercise perfor-
mance? Med Sci Sports Exerc 39: 1209-1217, 2007.

Sawka MN, Young AJ, Cadarette BS, Levine L, Pandolf KB. Influ-
ence of heat stress and acclimation on maximal aerobic power. Eur J
Appl Physiol 53: 294298, 1985.

. Tatterson AJ, Hahn AG, Martin DT, Febbraio MA. Effects of heat

stress on physiological responses and exercise performance in elite
cyclists. J Sci Med Sport 3: 186193, 2000.

Thomas MM, Cheung SS, Elder GC, Sleivert GG. Voluntary muscle
activation is impaired by core temperature rather than local muscle
temperature. J Appl Physiol 100: 1361-1369, 2006.

Todd G, Butler JE, Taylor JL, Gandevia SC. Hyperthermia: a failure
of the motor cortex and the muscle. J Physiol 563: 621-631, 2005.
Tucker R, MarleT, Lambert EV, Noakes TD. Therate of heat storage
mediates an anticipatory reduction in exercise intensity during cycling at
afixed rating of perceived exertion. J Physiol 574: 905-915, 2006.
Tucker R, Rauch L, Harley YX, Noakes TD. Impaired exercise
performance in the heat is associated with an anticipatory reduction in
skeletal muscle recruitment. Pfliigers Arch 448: 422430, 2004.
Watson P, Hasegawa H, Roelands B, Piacentini M F. Acute dopamine/
noradrenaline reuptake inhibition enhances human exercise performance
in warm, but not temperate conditions. J Physiol 565: 873-883, 2005.
Wingo JE, Cureton KJ. Maxima oxygen uptake after attenuation of
cardiovascular drift during heat stress. Aviat Space Environ Med 77:
687-694, 2006.

J Appl Physiol - vOL 109 - DECEMBER 2010 » WWW.jap.0rg

0TO0Z ‘0T Jaqwadaq uo 610 ABojoisAyd-del woiy papeojumoq



http://jap.physiology.org/



